HYDROGEN STORAGE MATERIAL BASED ON PLATELETS AND/OR A 
MULTILAYERED CORE/SHELL STRUCTURE 



CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to U.S. Provisional Applications Nos. 
60/455,368, filed March 14, 2003, and 60/477,150, filed June 9, 2003, both of which 
are incorporated herein by reference in their entireties. 
BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 

[0002] This invention is related to a hydrogen storage material, and particularly to a 
hydrogen storage material based on a muhilayered core/shell structure. 
DESCRIPTION OF THE RELATED ART 

[0003] Hydrogen fuel cells have steadily gained acceptance as a mainstream energy 
source as a result of their environmentally friendly nature and potential for decreasing 
dependence on foreign oil. Fuel cells can produce large amounts of power without the 
use of fossil fuels, producing only water as a byproduct. It is hoped that in the near 
future natural resource guzzlers such as the automobile will run primarily on fuel cells. 
[0004] Presently, hydrogen can be stored in a rechargeable metal hydride or in a 
hydride compound that releases hydrogen when reacted with water. Physically, 
hydrogen can be stored as a compressed gas, a cryogenically cooled liquid, or through 
surface absorption. The problem with these various storage means as they relate to the 
automotive industry is that a large tank is required for storing sufficient hydrogen to 
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power a vehicle. This inefficiency has impeded the progress of hydrogen fuel cell use 
in automobiles. 

[0005] With the current technology, the compressed hydrogen tank size required for 
a 1500 kg vehicle with a driving range of 560 km is 340 L at 25 Mpa. This tank stores 
approximately 6.8 kg of hydrogen. In contrast, a typical gasoline tank for such a vehicle 
is 70 L. Accordingly, there is a need for a material that can store sufficient compressed 
hydrogen to power a vehicle without consuming an undue amount of space. 
[0006] Various hydrogen storage materials and the like are known in the art. 
SUMMARY OF THE INVENTION 

[0007] It is an object of this invention to overcome deficiencies and limitations of 
the known hydrogen storage materials through the utilization of nanomaterials. 
[0008] The above and other objects of this invention are achieved by a hydrogen 
storage material, in some embodiments of which, comprises metal nanoparticles that 
are a) a mixture of nanometer scale platelets and nanometer scale equiaxial particles 
and/or b) a metal core covered by a metal shell or metal coating. 
[0009] In some embodiments of this invention, the hydrogen storage material can be 
a mixture of nanometer scale platelets and nanometer scale equiaxial particles. 
[0010] In some embodiments of this invention, the nanoparticles form a metal core 
covered by a metal shell or metal coating that provides oxidation resistance to the metal 
core, which is less noble than the coating. 

[001 1] In some embodiments of this invention, the nanoparticles form a metal core 
covered by a metal shell or metal coating that provides catalysis for dehydrogenation. 
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[0012] In some embodiments of this invention, the nanoparticles form a metal core 
covered by a) a first metal coating that provides oxidation resistance to the core metal, 
which is less noble than the coating, and b) a second metal coating that provides 
catalysis for dehydrogenation. 

[0013] In some embodiments of this invention, the metal nanoparticles are selected 
from Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Li, Mg, Ca, Na, K, Pd, Pt, Au, or Ag, or an alloy 
containing one or more of these metals. 

[0014] In some embodiments of this invention, the shell or coating is selected from 
Cr, Mn, Fe, Co, Ni, Cu, Pd, Pt, Au, or an alloy containing one or more of these metals. 
[0015] In some embodiments of this invention, the platelets have a thickness of 
about 1 nm to about 200 nm and a face dimension of about 10 nm to about 1000 nm. 
[0016] In some embodiments of this invention, an aspect ratio (face diameter 
divided by thickness) of the platelets ranges from about 10 nm to about 100 nm. 
[001 7] In some embodiments of this invention, the platelets are Pd platelets. 
[0018] In some embodiments of this invention, the nanoparticles form a metal core 
covered by a first coating that provides oxidation resistance to the core metal, which is 
less noble than the coating, and/or a second coating that provides catalysis for 
dehydrogenation. 

[0019] In some embodiments of this invention, the metal is selected from Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Li, Mg, Ca, Na, K, Pd, Pt, Au, or Ag, or an alloy containing one or 
more of these metals. 
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[0020] In some embodiments of this invention, the first and/or second coating is 
selected from Cr, Mn, Fe, Co, Ni, Cu, Pd, Pt, Au, or an alloy containing one or more of 
these metals. 

[0021] Some embodiments of this invention are directed to a method of preparing a 
hydrogen storage material, comprising: mixing octylamine and palladium nitrate; 
adding hydrazine as a reducing agent thus forming a mixture of metal nanoparticles 
comprising platelets and equiaxial particles; and separating and recovering the platelets 
and equiaxial particles. In some embodiments of this invention, the about 1 part molar 
amylamine is also mixed with the octylamine, which is present in about 25 parts molar. 
[0022] Some embodiments of this invention are directed to a hydrogen storage 
material comprising nanoparticles with each nanoparticle comprising a) a core 
comprising a metal selected from the group consisting of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 
Li, Mg, Ca, Na, K, Pd, Pt, Au, Ag and an alloy containing one or more of these metals; 
a shell comprising a metal selected from the group consisting of Cr, Mn, Fe, Co, Ni, Cu, 
Pd, Pt or Au and an alloy containing one or more of these metals; wherein the metal or 
alloy of the core is different from the metal or alloy of the shell. 
[0023] In some embodiments of this invention, the core material is Mg. 
[0024] In some embodiments of this invention, the shell is an alloy containing a 
polymeric material. 

[0025] Some embodiments of this invention are directed to a hydrogen storage 
material, comprising: a) a mixture of nanometer scale platelets and nanometer scale 
equiaxial particles that each comprise cores comprising a metal selected from the group 
consisting of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Li, Mg, Ca, Na, K, Pd, Pt, Au, Ag and an 
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alloy containing one or more of these metals, b) a shell over the cores, said shell 
comprising a metal that is more noble than a less noble metal of the core and that is 
selected from the group consisting of Cr, Mn, Fe, Co, Ni, Cu, Pd, Pt or Au and an alloy 
containing one or more of these metals, wherein said shell is capable of providing 
catalysis for dehydrogenation and/or capable of providing oxidation resistance to the 
less noble core metal. 

[0026] In some embodiments of this invention, the cores are Mg or an alloy 
containing Mg. 

[0027] In some embodiments of this invention, the platelets comprise nanometer 
scale Pd platelets that have a thickness of about 1 nm to about 200 nm and a face 
dimension of about 10 nm to about 1000 nm, an aspect ratio (face diameter divided by 
thickness) of the nanometer scale platelets ranges from about 10 nm to about 100 nm. 
[0028] Some embodiments of this invention are directed to a method of preparing a 
hydrogen storage material, comprising the steps of: mixing CioHg, MgCl2, Li and THF 
with rapid stirring to form Mg; removing the THF and dissolved by-products to recover 
Mg nanoparticles; and mixing the Mg nanoparticles with THF, Igepal Co-520, 
hydrazine hydrate (for reduction of metal salts) and with palladium chloride, palladium 
nitrite or cobalt chloride, to coat the Mg nanoparticles with palladium, cobalt and/or an 
alloy containing palladium or cobalt to form at least one shell or coating over the Mg 
nanoparticles. In some embodiments of this invention, the palladium, cobalt or an alloy 
containing palladium or cobalt, is palladium and the shell or coating is a first shell or 
coating of MgPd, over which is a second shell or coating of Pd. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] This invention will become even more apparent from the following 
description of embodiments of the invention taken in conjunction with the 
accompanying drawings, in which: 

[0030] FIG. 1 is a cross-sectional representation of a nanoparticle 10 having a core 
20 and a shell layer 30. 

[0031] FIG. IB shows a cross-sectional representation of a nanoparticle 10 having a 
core 20 and a first shell layer 30 and a second shell layer 40 synthesized in accordance 
with embodiments of this invention. 

[0032] Fig. 2 shows an example of Mg nanoparticles synthesis in accordance with 
embodiments of this invention. 

[0033] Fig. 3 lists several exemplary samples of Mg synthesized in accordance with 
this invention. 

[0034] Fig. 4 shows an XRD for Mg sample no. 1-13 listed in Fig. 3. Fig. 4 shows 
that the XRD matches that of an indexed Mg pattern. 

[0035] Fig. S shows that the Mg 1-13 sample was still stable in atmospheric 
conditions after 3 months. 

[0036] Fig. 6 shows phase stability in water. In particular, Fig. 6 shows that, after 
exposure to water for 48 hours, sample Mg 1-13 turned white with XRD giving 
Mg(0H)2. 

[0037] Fig. 7 shows an example of the method for coating Mg nanoparticles with Pd, 
in accordance with embodiments of this invention. 
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[0038] Fig. 8 shows an example of a method for preparing substantially spherical or 
equiaxially nanoparticle Pd in accordance with embodiments of this invention. In 
particular, a can be utilized in which palladium, for example about 0.04 M Pd in water 
can be mixed with Igepal™ and cyclohexane to form micelles. 
[0039] Fig. 9 shows the size of the Pd spherical particle can be dependent on the 
mole % ratio of water to surfactant, for example water to IgepaF^ to water, which is 
referred to as the R value. 

[0040] Fig. 10 lists several exemplary samples of Pd synthesized in accordance with 
this invention. 

[0041] Fig. 11 shows an HF TEM for spherical Pd sample no. Pd 1-91 R=8.1-13 
listed in Fig. 10. 

[0042] Fig. 12 shows the XRD of spherical Pd 1-100 R=25 listed in Fig. 10. 
[0043] Fig. 13 shows an example of a method for the synthesis of preparing platelet 
Pd particles in accordance with embodiments of this invention. 
[0044] Fig. 14 shows the platelet size can be controlled by controlling the ratio of 
water to surfactant. 

[0045] Figs. 15 and 16 list several exemplary samples of Pd synthesized in 

accordance with embodiments of this invention. 

[0046] Fig. 17 shows adsorption isotherms of palladium nanoparticles. 

[0047] Figs. 19 and 20 show exemplary platelet in accordance with embodiments of 

this invention. 

[0048] Fig. 21 shows TGA compositional analysis for several examples of spherical 
particles and of platelets in accordance with embodiments of this invention. 
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[0049] Fig. 22 is a diagram showing the difference between a nanocrystalHne 
material from nanoparticles in accordance with embodiments of this invention. 
[0050] Fig. 23 shows how morphology can affect particle packing in accordance 
with embodiments of this invention. 

[0051] Fig. 24 shows HRTEM for platelet nanoPd in accordance with embodiments 
of this invention. 

[0052] Fig. 25 shows AFM of platelet nanoPd in accordance with embodiments of 
this invention. 

[0053] Fig. 26 shows hydrogen adsorption of spherical Pd in accordance with 
embodiments of this invention. 

[0054] Fig. 27 shows hydrogen adsorption of Pd platelets in accordance with 
embodiments of this invention. 

[0055] Fig. 28 shows hydrogen saturation versus Pd material in accordance with 
embodiments of this invention. 

[0056] Fig. 29 shows hydrogen absorption isotherms of Pd nanoparticles using 
thermogravimetric analysis in accordance with embodiments of this invention 
[0057] Figs. 30a, 30b, 30c and 30d show HRTEM of platelet particles in accordance 
with embodiments of this invention. 

[0058] Fig. 3 1 shows a review of nanoPd samples tested for hydrogen storage in 
accordance with embodiments of this invention. 

[0059] Figs. 32 shows sintering of platelet particles in accordance with 
embodiments of this invention. 
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[0060] Figs, 33 shows sintering of spherical particles in accordance with 
embodiments of this invention. 

[0061] Fig. 34 shows an example of MgPd alloy in accordance with embodiments of 
this invention. 

[0062] Fig. 35 shows an example of MgPd alloy with Mg and Pd metal in 
accordance with embodiments of this invention. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0063] Nanoparticles, due to their high surface areas, are able to adsorb large 
amounts of hydrogen. This has been demonstrated by Yamaura et al. (see J. Mater. Res. 
2002, 17 #6, 1329-1334) using nanoscale palladium. Adsorption temperature can be a 
critical aspect in the practical performance of Pd. The more efficient the H-adsorption 
at lower temperatures, the more practical the use of Pd as a hydrogen storage material. 
Kuji et al. (J. Alloys Compounds, 330-332, (2002) 718-722) evaluated the hydrogen 
adsorption on nanocrystalline Pd. It was found that the nanocrystalline material adsorbs 
less hydrogen than a corresponding bulk material. The present inventors have found 
that spherical nano-Pd particles adsorb less hydrogen than bulk Pd. 
[0064] Additionally, Pd and other rare earth metals are extremely expensive. 
[0065] Hence, in some embodiments of this invention, hydrogen storage materials 
have been fabricated using less expensive and more widely available elements. 
[0066] A problem with many nanomaterials that have high affinity for hydrogen 
storage is that they are very susceptible to oxidation. Thus, they are impractical for 
routine hydrogen storage. 
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[0067] Thus, in embodiments of this invention, multi-layered (core/shell) structured 
nanomaterials are prepared and/or utilized as hydrogen storage material to alleviate this 
problem. 

[0068] The multi-layer (core/shell structure) structured nanomaterials of 
embodiments of this invention comprise a plurality of nanoparticles with lattice 
parameters on the order of about 1 to about 10 nm diameter. Each nanoparticle further 
comprises a core element that can be selected from a transition metal, for example Ti, V, 
Cr, Mn, Fe, Co, Ni, Cu, from a lightweight metal, for example Li, Mg, Ca, Na, K, from 
a noble metal, for example Pd, Pt, Au, Ag, or from an alloy containing and/or consisting 
of one or more of the foregoing metals. The core material is responsible for hydrogen 
uptake. 

[0069] The core material is in turn encased with a shell element that can be selected 
from a transition metal, for example Cr, Mn, Fe, Co, Ni, Cu, from a noble metal, for 
example Pd, Pt, Au, from a noble metal, elemental carbon, a carbon polymer, or from an 
alloy containing and/or consisting of one or more of the forgoing elements. 
[0070] In at least some embodiments of this invention, platelet-shaped particles, for 
example Pd particles, can be prepared and utilized. The platelet-shaped Pd particles can 
be of nanometer scale dimensions in at least one direction. The platelet-shaped Pd 
particles adsorb significantly more hydrogen than bulk Pd and either nanocrystalline 
material or nanometer scale spheres. The nanoplatelet particles provided in this 
invention can be produced in greater quantities, per unit volume of reacting material, 
than nanoscale spherical materials, and the nanoscale platelets are more resistant to 
deleterious (to hydrogen storage performance) than nanoscale spherical particles. 
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[0071] In some embodiments of this invention, the platelet-shaped particles can be 
mixed with spherical or substantially spherical or equiaxial particles, for example Pd 
particles. 

[0072] In at least some embodiments of the hydrogen storage materials of this 
invention can comprise a nanotabular metal. In at least some embodiments of this 
invention, the hydrogen storage material can further comprise a coating that provides 
oxidation resistance to a core material (preferably less noble) used for hydrogen uptake 
and storage. In some embodiments of this invention, the coating can provide catalysis 
for dehydrogenation. In further embodiments of this invention, a combination of 
coatings can be used, such as and for example a combination of coatings that provides 
oxidation resistance and that provides catalysis dehydrogenation. 
[0073] The nanometer Pd platelets of some embodiments of this invention 
preferably have a thickness of about 1 to about 200 nm and face dimensions of about 10 
to about 1000 nm. Corresponding aspect ratios (face diameter divided by thickness) 
preferably range from about 10 to about 100 nm. 

[0074] The platelet materials of some embodiments of this invention can include a 
transition metal (for examples Ti, V, Cr, Mn, Fe, Co, Ni, Cu), a lightweight material (for 
examples Li, Mg, Ca, Na, K), a noble metal (for example Pd, Pt, Au, Ag), or an alloy of 
the foregoing elements. The hydrogen adsorption isotherm for nanometer platelet 
particles, for example nanometer platelet Pd particles, exceeds the hydrogen saturation 
pressure for bulk Pd at 50°C by about 5 to about 20%. The adsorption isotherm also 
saturates at the low temperatures. 
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[0075] In at least some embodiments of this invention, the coated platelet materials 
can be comprised of a core platelet made of a transition metal (for examples Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu), a lightweight material (for examples Li, Mg, Ca, Na, K), a noble 
metal (for example Pd, Pt, Au, Ag), or an alloy containing or consisting of one or more 
of the foregoing elements. In at least some embodiments, the coating can comprise a 
transition metal (for examples Cr, Mn, Fe, Co, Ni, Cu), a noble metal (for examples Pd, 
Pt, Au), an alloy containing or consisting of one or more of the foregoing elements, 
elemental carbon or a carbon polymer. Such a shell can prevent oxidation of the core 
material while simultaneously allowing passage of hydrogen to the core material where 
hydrogen is stored. 

[0076] In embodiments of this invention, the platelets can be synthesized in a 
"self-assembly" molecular-water system that can contain, for example, aqueous 
solution with amphophilic molecules that spontaneously form a bilayer (also known as 
a neat phase D) in which platelet particles form in the resulting sheets of aqueous phase. 
A typical concentration of metal cations such as Pd^"^(aq) that can be used in 
embodiments of this invention as the chloride salt ranges from about 0.001 M to about 
1 .0 M, preferably from about 0.0 IM to about 0. 1 M, and more preferably about 0.04M. 
A typical range for a reducing agent that can be used in embodiments of this invention is 
about 10"^ M to about 10"^ M for reducing agents, such as and for example hydrazine 
hydrate (N2H4XH2O). 

[0077] Referring now to FIG. 1 A, there is shown a cross-sectional representation of 
a nanoparticle 10 having a core 20 and a shell layer 30. FIG. IB shows a cross-sectional 
representation of a nanoparticle 10 having a core 20 and a first shell layer 30 and a 
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second shell layer 40. As discussed above, the nanoparticle 10 can be used as a 
hydrogen storage material. The core 20 is preferably selected from a transition metal, 
for example Ti, V, Cr, Mn, Fe, Co, Ni, Cu, from a lightweight metal, for example Li, 
Mg, Ca, Na, K, from a noble metal, for example Pd, Pt, Au, Ag, or from an alloy 
containing and/or consisting of one or more of the foregoing metals. The core material 
is responsible for hydrogen uptake. 

[0078] The shell 30 and shell 40 are preferably selected from transition metals, for 
example Cr, Mn, Fe, Co, Ni, Cu, from noble metals, for example Pd, Pt, Au, elemental 
carbon, carbon polymers, or from alloys containing and/or consisting of one or more of 
the forgoing elements. In a preferred embodiment, the core is Mg, the first shell 30 is an 
alloy of Mg and Pd, and the second shell 40 is Pd. 

[0079] The shell can be utilized to prevent severe oxidation of the core material, to 
activate hydrogen recombination and/or to store hydrogen. The core 20 and shells 30 
and 40 will typically be formed from different metals or alloys. 
[0080] Fig. 2 shows an example of Mg nanoparticles synthesis in accordance with 
embodiments of this invention. In particular, a Rieke type process is utilized. First, 
MgCl2 is mixed with THF Li and CioHg, preferably in an Ar glove box, which reduces 
the MgCl2 to Mg metal. The Mg nanocrystals are separated from the THF and 
dissolved by-products, and can then be washed to remove any additional by-products. 
[0081] Fig. 3 lists several exemplary samples of Mg synthesized in accordance with 
this invention. Fig. 4 shows an XRD for Mg sample no. 1-13 listed in Fig.3. Fig. 4 
shows that the XRD matches that of an indexed Mg pattern. The material is coated with 
amorphous sp^ carbon allowing it to be stable in air. Fig. 5 shows that the Mg 1-13 
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sample was still stable in atmospheric conditions after 3 months. Fig. 6 shows phase 
stability in water. In particular, Fig. 6 shows that, after exposure to water for 48 hours, 
sample Mg 1-13 tumed white with XRD giving Mg(0H)2. 

[0082] Fig. 7 shows an example of the for coating Mg nanoparticles with Pd, in 
accordance with embodiments of this invention. In particular, Pd is synthesized by 
reduction with hydrazine hydrate in the presence of Igepal^^, THF and previously 
sjoithesized Mg. 

[0083] Fig. 8 shows an example of a method for preparing substantially spherical or 
equiaxially nanoparticle Pd in accordance with embodiments of this invention. In 
particular, a method can be utilized in which palladium, for example about 0.04 M Pd in 
water, can be mixed with Igepal™ and cyclohexane to form micelles. Pd can be 
reduced using hydrazine hydrate (H2NNH2«xH20). The micelles can then be broken 
and the nanoparticles of Pd collected with ethanoL 

[0084] As Fig. 9 shows, the size of the Pd spherical particle can be dependent on the 
mole % ratio of water to surfactant, for example water to IgepaF^, which is referred to 
as the R value. The larger the R value, the larger the radius of the particle. 
[0085] Fig. 10 lists several exemplary samples of Pd synthesized in accordance with 
this invention. Fig. 11 shows an HF TEM for spherical Pd sample no. Pd 1-91 
R=8.M3 listed in Fig.lO. Fig. 12 shows the XRD of spherical Pd 1-100 R=25 listed in 
Fig. 10. 

[0086] Fig. 13 shows an example of a method for the synthesis of preparing platelet 
Pd particles in accordance with embodiments of this invention. In particular, a method 
can be utilized in which palladium or the like can form into platelets in the presence of a 
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surfactant that is preferably octylamine, optionally in combination with amylamine, in a 
ratio of 25 parts octylamine to 1 part amylamine in accordance with embodiments of 
this invention. 

[0087] As shown in Fig. 14, the platelet size can be controlled by controlling the 
ratio of water to surfactant. 

[0088] Figs. 15 and 16 lists several exemplary samples of Pd synthesized in 
accordance with embodiments of this invention. Fig. 17 shows adsorption isotherms of 
palladium nanoparticles. 

[0089] Figs. 19 and 20 show exemplary platelet in accordance with embodiments of 
this invention. 

[0090] Fig. 2 1 shows TGA compositional analysis for several examples of spherical 
particles and of platelets in accordance with embodiments of this invention. 
[0091] Fig. 22 is a diagram showing the difference between a nanocrystalline 
material from nanoparticles in accordance with embodiments of this invention. 
[0092] Fig. 23 shows how morphology can affect particle packing in accordance 
with embodiments of this invention. Since the percentage of active surface in 
molecular dissociation can be controlled by morphology, catalytic activity can be 
improved through morphology control. More specifically, hydrogen dissociation on a 
hydrogen storage material (e.g., MH alloy) can be improved by morphology control. 
Thin platelets are also capable of hydrogen diffusion. This can further improve the 
kinetics of hydrogen absorption. 

[0093] Fig. 24 shows HRTEM for platelet nanoPd in accordance with embodiments 
of this invention. 
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[0094] Fig. 25 shows AFM of platelet nanoPd in accordance with embodiments of 
this invention. 

[0095] Fig. 26 shows hydrogen adsorption of spherical Pd in accordance with 
embodiments of this invention. 

[0096] Fig. 27 shows hydrogen adsorption of Pd platelets in accordance with 
embodiments of this invention. 

[0097] Fig. 28 shows hydrogen saturation versus Pd material in accordance with 
embodiments of this invention. 

[0098] Fig. 29 shows hydrogen absorption isotherms of Pd nanoparticles using 
thermogravimetric analysis in accordance with embodiments of this invention 
[0099] Figs. 30a, 30b, 30c and 30d show HRTEM of platelet particles in accordance 
with embodiments of this invention. 

[00100] Fig. 31 shows a review of nanoPd samples tested for hydrogen storage in 
accordance with embodiments of this invention. 

[00101] Nanoscale materials, metals in particular, sinter at low temperatures. While 
this property can be desirable in some applications, such as ceramic composites and 
coatings, many applications require particles to remain unsintered. During sintering, 
surface area decreases, resulting in lowered surface activity. In addition to the loss of 
surface activity, thermal stability, particularly in air, can be a concern. The processing 
dilemmas posed by such surface mediated oxidation must also be addressed to achieve 
the potential of nanoscale particulates. Figs. 32 and 33 show the results of sintering 
studies for nanopalladium In particular, Fig. 32 shows sintering of platelet particles in 
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accordance with embodiments of this invention and Fig. 33 shows sintering of spherical 
particles in accordance with embodiments of this invention. 

[001 02] Fig. 34 shows an example of MgPd alloy in accordance with embodiments of 
this invention. Fig. 35 shows an example of MgPd alloy with Mg and Pd metal in 
accordance with embodiments of this invention. 

[001 03] Although embodiments of this invention have been described in detail, it will 
be understood that this invention is not limited to the above-described embodiments, 
and various modifications in construction may be made without departing from the 
spirit and scope of this invention and any and all equivalents thereof as defined in the 
following claims. 
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